Abstract-A genetic algorithm (GA), in conjunction with fuzzy logic (FL) (approximate reasoning), is proposed for simultaneous improvement of power quality (PQ) and optimal placement and sizing of fixed capacitor banks in distribution networks with nonlinear loads imposing voltage and current harmonics. Economic cost is defined as the objective function and includes the cost of power losses, energy losses, and that of the capacitor banks while the voltage limits, number/size of installed capacitors at each bus, and the PQ limits of harmonic standard IEEE-519 are considered constraints. Fuzzy approximate reasoning is used to calculate the fitness function in order to consider the uncertainty of decision making based on the suitability of constraints (S THD , S V ) and the objective function (cost index) for each chromosome. Simulation results for the 18-bus and 123-bus IEEE distorted networks using the proposed GA-FL approach are presented and compared with those of previous methods. The main contribution is an improved fitness function for GA, capable of improving the objective function while directing the PQ constraints toward the permissible region using fuzzy approximate reasoning. This method leads to computing the (near) global solution with a lower probability of getting stuck at a local optimum and weak dependency on initial conditions while avoiding numerical problems in large systems.
, heuristic methods [9] , maximum sensitivities selection [10] [11] [12] , fuzzy set theory [13] , [14] , and genetic algorithms (GAs) [15] . Some of these documents [5] [6] [7] [8] [9] [10] , [13] ignore the couplings between harmonic voltages and currents. References [11] , [12] , [14] , and [15] use a harmonic power flow that considers harmonic couplings caused by the nonlinear loads. Reference [8] addresses the problem under unbalanced three-phase conditions.
Most of these techniques are fast, but they suffer from the inability to escape local optimal solutions. Simulated annealing (SA), tabu search (TS), and GAs are three near global optimization techniques that have demonstrated fine capabilities for capacitor placement [1] [2] [3] [4] , but the computational burden is heavy.
Fuzzy logic (FL) has shown good results for capacitor bank allocation when combined with GAs under sinusoidal operating conditions [1] , [2] , [16] , [17] . However, FL has been mainly used to select the most adequate buses for capacitor placement and, hence, to reduce the search space for GA under sinusoidal operating conditions [2] . This paper proposes a GA in conjunction with FL (GA-FL) to formulate the capacitor placement and sizing problem in the presence of voltage and current harmonics, taking into account a limited number of fixed capacitor banks at each bus. Operational and power-quality (PQ) constraints include the bounds of root mean square (rms) voltage , the number/size of installed capacitors, and harmonic parallel resonances. In the proposed method, the suitability of and voltage are defined for each chromosome based on fuzzy approximate reasoning. These variables represent the level of constraints satisfaction and are used with cost index (objective function) to determine the fitness function. Fuzzy approximate reasoning is used to calculate the fitness function considering the uncertainty of decision making based on constraints and objective function. This method improves the evolution process of GA, lowering the probability of getting stuck at local optimum and avoiding numerical problems [18] [19] [20] .
II. NEWTON-BASED HARMONIC POWER FLOW
For modeling a distribution system with nonlinear loads at fundamental and harmonic frequencies, the formulation and notations of [21] and [22] are used. Linear loads are modeled as shunt admittances at harmonic frequencies [5] . Nonlinear loads with given v-i characteristics (either in the frequency or time domain) represent the coupling between harmonic voltages and currents. These loads are modeled as shunt harmonic current sources and are updated at every iteration of the harmonic power flow.
0885-8977/$25.00 © 2007 IEEE The system solution (with linear and nonlinear loads under balanced nonsinusoidal three-phase conditions) is achieved by forcing total (fundamental and harmonic) mismatch active and reactive powers as well as mismatch active and reactive fundamental and harmonic currents to zero using the Newton-Raphson method.
III. PROBLEM FORMULATION
Fixed capacitor banks are treated as variable shunt reactances with discrete values, and capacitor placement is possible for NC number of buses.
A. Constraints
Voltage constraints will be taken into account by specifying upper (e.g., ) and lower (e.g., ) bounds of rms voltage ( , bus number, harmonic order)
The voltage distortion is considered by specifying the maximum total harmonic distortion of voltages for
Bounds for (1) and (2) are specified by the IEEE-519 standard [23] . Let denote the maximum number of capacitor units allowed at each bus. The number of capacitors at bus i is limited by for
where denotes the number of fixed capacitor banks at bus i and MC is the set of possible buses for capacitor placement.
B. Objective Function (Cost Index)
The objective function (" ") used for capacitor placement in the presence of harmonics is [5] , [10] , [14] , and [15] Total losses can be computed using the Newton-based harmonic power-flow outputs (5) where and are the magnitude and phase of the th harmonic voltage at bus i, and and are the magnitude and phase of the th harmonic line admittance between buses i and j, respectively.
IV. SOLUTION METHOD
This paper proposes a new hybrid approach based on GA and fuzzy approximate reasoning for the optimal placement and sizing of capacitor banks in distorted distribution networks with harmonic voltages and currents.
GAs use biological evolution and population genetics to search and arrive at a high-quality (near) global solution. The required design variables are encoded into a binary string as a set of genes corresponding to chromosomes in biological systems. Unlike the traditional optimization techniques that require one starting point, they use a set of points as the initial conditions. Each point is called a chromosome. A group of chromosomes (e.g., equal to 250 in this paper) is called a population. During each iterative procedure (referred to as a generation), a new population is generated using three GA operators (namely reproduction, crossover, and mutation).
Fuzzy set theory (FST) contains a set of rules which are developed from qualitative descriptions. When the suitability of and voltage and the cost of the distribution system are studied, an engineer can choose the most appropriate combination of capacitor banks. For example, it is intuitive that a distribution system with a high suitability of and voltage, having a low cost is highly desirable. Fuzzy rules are defined to determine the suitability of each chromosome and may be executed with some degree using fuzzy inference. is used as the fitness function in the GA to further improve the evolution process, reducing the probability of getting stuck at a local optimum.
A. Structure of Chromosomes
In this work, the chromosome for GA consists of a sequence of NC substrings as shown in Fig. 1 , where NC denotes the number of possible compensation buses for capacitor placement in the entire feeder. The binary substrings indicate the number of the installed capacitor units at the bus under consideration which is limited to .
B. Proposed Fuzzy Fitness (Suitability) Function
The suitability level of each chromosome is computed by defining fuzzy membership functions for the suitability of total harmonic distortion , voltage , and cost index . A fuzzy expert system (FES) uses the number of buses with high and the average of at these buses to determine the suitability of . A similar method is used to determine the suitability of voltage.
A concern in the development of fuzzy expert systems is the assignment of appropriate membership functions which could be performed based on intuition, rank ordering, or probabilistic methods. However, the choice of membership degree in the interval [0,1] does not matter, as it is the order of magnitude that is important [1] , [24] .
1) Suitability of : For a given chromosome, define the average of unacceptable values (6) where is the number of buses with high total voltage harmonic distortions (i.e.,
). The following steps are performed to compute : • fuzzification of and (based on membership functions of Figs. 2 and 3, respectively) to compute the corresponding membership values ( and ); • fuzzy inferencing and defuzzification based on the decision matrix of Table I , the membership function of Fig. 4 and the Mamdani-max-prod implication method Table I , Fig. 4 , and (7)) to determine the suitability of voltage .
3) Cost Index (" "):
Compute the cost for all chromosomes ((4)) and linearly normalize them into the [0,1] range with the largest cost having a value of one and the smallest one having a value of zero.
4) Fitness (Suitability) of a Chromosome :
The suitability level for a given chromosome is computed from , , and " " using the following steps: • fuzzification of , and " " (based on Fig. 4 ) to compute the corresponding membership values ( , and );
• fuzzy inferencing and defuzzification [using the decision matrix of Table II , Fig. 6 and (7)] to determine the suitability of the chromosome .
C. Genetic Operators
Three stochastic transition rules are applied to each chromosome during the generation procedure to generate a new improved population from an old one.
1) Reproduction-a probabilistic process for selecting two parent strings from the population of strings on the basis of a "roulette-wheel" mechanism, using their fitness values. 2) Crossover-the process of selecting a random position in the chromosome and substrings (called the crossover point) and swapping the characters either right or left of this point with another similarly partitioned string. The probability of parent-chromosomes crossover is assumed to be between 0.6 and 1.0. 3) Mutation-the process of random modification of a string position by changing "0" to "1" or vice-versa, with a small probability. In this paper, the probability of mutation is assumed to be between 0.01 and 0.1.
V. SOLUTION METHODOLOGY The shunt capacitor placement and sizing problem in the presence of linear and nonlinear loads is solved using the proposed GA-FL algorithm of Fig. 8 , as follows:
Step 1) input system parameters and the initial population.
Step 2) (Fuzzy Fitness/Suitability): Perform the following for all chromosomes (Fig. 7) : Step 2A) Run the harmonic power flow.
Step 2B) Compute suitability of and voltage [Figs. 2-5, Table I and (6)- (8)].
Step 2C) Compute the cost index.
Step 2D) Compute the suitability of chromosome [ Fig.  6 , Table II , and (7)].
Step 3) (Reproduction Process): Select a new combination of chromosomes by spinning the "roulette wheel." Step 4) (Crossover Process): Select a random number for mating two parent chromosomes. If it is between 0.6 and 1.0, then combine the two parents and generate two Fig. 9 . Single-line diagram of the 18-bus IEEE distorted system [11] , [12] , [14] , [15] , [25] used for simulation and analysis.
offspring. Otherwise, transfer the chromosomes with no crossover.
Step 5) (Mutation Process): Select a random number for the mutation of one chromosome. If it is between 0.01 and 0.1, then apply the mutation process at a random position. Otherwise, transfer the chromosome with no mutation.
Step 6) (Updating Populations): Replace the old population with the improved population generated by Steps 2) to 5). Check all chromosomes and save the one with minimum cost, satisfying all constraints.
Step 7) (Convergence): If all chromosomes are the same or the maximum number of iterations is achieved , then print the solution and stop, else go to Step 2).
VI. APPLICATION OF THE METHOD

A. Simulation of the 18-Bus IEEE Distorted System
The proposed GA-FL method (Fig. 8) and previous capacitor placement techniques (MSS [10] , [11] , MSS-LV [12] , fuzzy [14] , genetic [15] ) are applied to the 23-kV, 18-bus distorted IEEE distribution system. Line and data specifications are given in [25] . A single-line diagram of the system is shown in Fig. 9 . The six-pulse rectifier (with and ) causes a maximum voltage of 8.486% (column 2 of Table III) .
Simulation results for the MSS, MSS-LV, fuzzy and genetic algorithm (GA) are listed in columns 3 to 6 of Table III , respectively. Among these previously proposed algorithms, the GA approach results in a near global solution with the best yearly benefit of U.S.$ 18 949 (column 6 of Table III ). Note that MSS (a local search algorithm) results in a higher benefit (i.e., U.S.$ 20 653 per year) but it does not limit to the desired level of 5% (column 3 of Table III) .
The proposed GA-FL approach of Fig. 8 is also applied to this system for optimal placement and sizing of capacitor banks. The results show a yearly benefit of U.S.$ 19 550 (last row of Table III ) and the maximum voltage is limited to 4.98% (column 7 of Table III ). Compared to the GA approach, the total annual benefit is increased by U.S.$ 600 (i.e., 3.2%) and the total allocated capacitance is decreased by 0.015 p.u.
B. Simulation of the 123-Bus IEEE Distorted System
The GA [15] and proposed GA-FL (Fig. 8) methods are applied to the 4.16-kV, 123-bus distorted IEEE radial distribu- ) Simulation results before any optimization and capacitor placement [25] .
) Simulation results after MSS [11] , MSS-LV [12] , fuzzy set [14] , and genetic [15] optimizations (capacitors were removed before optimization). Fig. 11 [26] . To introduce harmonic distortion, 20 nonlinear loads (Table IV) with different harmonic spectra (Table VI) are included. These loads are modeled as harmonic current sources and the coupling between harmonics is not considered. The high penetration of these nonlinear loads causes a maximum of 8.03% (column 2, Table V ). The results of the proposed GA-FL approach show a 5.5% increase in total annual benefits compared with those generated by the GA method (last row of Table V) while the maximum is significantly limited to 2.76%. The generations of the GA-FL algorithm are continued until all chromosomes of the population become equal or the maximum number of generations is achieved. The initial conditions for (4) (i.e., the initial capacitor values) do not usually reside inside the permissible solution region. In this paper, a GA-FL approach is used to minimize the objective function while directing the constraints toward the permissible region.
To select the parent population at each generation, a fuzzy expert system (Fig. 7) is used to compute the fitness function of each chromosome considering the uncertainty of decision making based on the objective function and constraints. As a (Table III) and 123-bus, distorted IEEE distribution systems (Table V) .
result, new generations have a higher probability of capturing the global solution.
As demonstrated in Fig. 10 , the relatively narrow search band of the conventional GA does not allow a large variation of chromosomes between generations and, thus, it is more difficult to escape from local optima. For the 18-bus and 123-bus systems, the solution is trapped at a near global point after the 14th and 22nd iterations, respectively. In the proposed GA-FL approach, there is more variety in the generated parent population as the chromosome evaluation is based on FL. The larger search space (allowing large variations of benefits in consecutive iterations) has resulted in a better near global solution at the 35th and 29th iterations for the 18-bus and 123-bus systems, respectively.
The inclusion of objective function and PQ constraints will automatically eliminate all solutions generating extreme values for voltages and/or currents and prevents fundamental and harmonic parallel resonances.
VIII. CONCLUSION
A GA, in conjunction with fuzzy logic (GA-FL), is proposed for the discrete optimization problem of fixed shunt capacitor placement and sizing in the presence of voltage and current harmonics. Power losses, energy losses, and the cost of fixed capacitors are used as the objective function. The PQ limits of IEEE-519 standard, maximum, and minimum of bus rms voltages and the allowed number of capacitor banks at each bus are considered as constraints. The main contributions of the proposed GA-FL approach are:
• PQ and cost index of the power system are improved simultaneously by optimal capacitor placement; • a fuzzy expert system is used to improve the evolution process of GA (selecting the most suitable capacitor locations and sizes) by defining fitness (suitability) functions for each chromosome (computed from membership values of suitability of , suitability of voltage, and " "); • the uncertainty of decision making based on the objective function and suitability of constraints is considered in Fig. 11 . IEEE 123-bus distribution system [15] with 20 nonlinear loads. the fitness function, hence, the probability of capturing a global solution is higher than the previously proposed GA method [15] ; • the dependency of the GA-FL solution on the initial conditions is weak and can escape local optima and converge to the near global solution. This is not true for other proposed algorithms (e.g., MSS, LV, MSS-LV, and fuzzy); • compared with GA [15] , the proposed method utilizes a wider search space and avoids numerical problems by computing fitness functions based on fuzzy approximate reasoning; • the inclusion of PQ constraints in the proposed fuzzy fitness functions prevents the occurrence of harmonic parallel resonance. As a result, harmonic resonances are shifted to other nondisturbing frequencies by relocating and resizing capacitor banks; • simulation results for the 18-bus and 123-bus IEEE distorted networks are presented. Compared with previous methods, the proposed GA-FL approach generates better results (e.g., greater annual benefits within the permissible region of constraints).
APPENDIX
Fig . 11 illustrates the 123-bus system [26] , [27] simulated in Section VI, and Table VI shows the harmonic spectra of nonlinear loads that are included to inject harmonics.
